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Abstract
The current problem with energy backup and grid stabilization systems is that both either
require fuel and constant maintenance, such as diesel generators, or cannot perform at their
peak operation and need constant replacement, like batteries. Our solution and the goal of
the StorWatts senior design project was to design and create a small-scale compressed air
energy storage system to be used in place of traditional energy backup and grid stabilization
systems. The StorWatts system does not need fuel in order to store and generate power
and therefore does not require constant refueling and maintenance. It also can work in
most any climate, not needing environmental control like its battery counterparts. This
allows for a standalone system that can perform reliably for years at a time.
This StorWatts CAES system will convert electrical energy into mechanical energy by
compressing air into a set of air storage tanks. When power is needed, the air will be
released from the storage tanks through an expander. The expander, connected to a DC
generator, will convert the stored energy into usable electric power.
The StorWatts team, with a generous donation from the Biederer family, repurposed an
old Briggs and Stratton four stroke gas engine into an air expander. The existing cylinder
head was removed and redesigned to allow room for a thermocouple , a pressure transducer,
a 500 psi safety release valve and two fast-acting solenoids, one for inlet air and one for
outlet exhaust air. The solenoids were controlled by an arduino with set open and close
times. However, due to safety concerns and time restrictions, we unable to test the system
above 70 psi. This created problems as the arduino was set for an inlet pressure of 500 psi.
The engine was unable to turn over at 70 psi and no running information was obtained.
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Chapter 1
Introduction
Compressed Air Energy Storage (CAES) is a tested technology with a long list of ap-
plications. This form of storing and distributing energy has been around for almost two
centuries, but only within the last 20 years or so has this technology started to come into its
own. Currently there are only two compressed air energy storage (CAES) facilities in the
world [6]; however, many other large scale CAES plants are being implemented throughout
the world. These plants will help stabilize the grid during peak hours and allow utility
companies to maximize their profits. CAES plants, such as the McIntosh plant in Al-
abama, work by taking power from the grid during off-peak hours and compressing air into
underground limestone caverns as seen in Figure 1.1. During peak hours, the plant takes
this compressed air, heats it up and forces it through a turbine which powers a generator
to put power back into the grid. Thus, this process allows utilities to buy low-cost, off-peak
energy and sell it during peak periods [6].
Figure 1.1: Large-Scale CAES Model [6]
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Our design utilizes a similar technique, but on a much smaller scale. Most small-
scale storage systems involve storing energy in a battery. This design project is centered
on a CAES System which stores potential energy pneumatically rather than the more
conventional storage of chemically in a battery. Due to the limitations of batteries and
their short lifespans, CAES became a desirable alternative. We have created a compressed
air energy storage system that can be used to store energy in extreme conditions and
continuous work environments where batteries cannot perform at their peak. Air storage
tanks can work in any climate and hold the air for extended periods of time until needed.
Using a power source, air gets compressed and stored in the storage tanks as potential
energy available to do work when needed. Then, when power is needed, the system works
in reverse, thus generating power ready for use.
Many of the CAES systems in place or in development are on a much larger scale than
our target product. Small-scale CAES is a revolutionary development bringing advantages
of CAES into a much more manageable scale. Small-scale CAES is an appliance that sits at
the point of use and can serve as the backbone of the local power system; storing, brokering,
and dispatching the energy as needed. It is ideal for regions experiencing high growth in
energy demand, where few or unreliable generating sources are available or difficult to
access. Scaling CAES down to the kW scale is ideal from a marketing and engineering
perspective. Focusing on micro grid energy needs, the small scale CAES system is much
more attractive than the current generators and storage systems implemented today. These
CAES systems require much less maintenance and no refueling, which is much better than
other systems that incorporate batteries and diesel. CAES systems projected lifespan of
15 years is much more desirable than the frequent maintenance and upkeep issues required
every few years by diesel generators and battery systems. Not only is the CAES system
beneficial monetarily, but also environmentally. Batteries and diesel generators both have
toxic effects on the environment, whereas the CAES systems has virtually none. We aim
to produce a small-scale CAES system that out performs other small-scale energy storage
options for power distribution, maintenance frequency, environmental friendliness, lifespan,
performance degradation, and both capital and running costs.
We have partnered with a local start-up company, StorWatts. StorWatts has a func-
tional working model of a small-scale CAES system already in place. Our design is to take
this existing design and go a step further by making ours completely pneumatic. The new
design uses fewer parts and minimizes capital costs.
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Chapter 2
Systems Level
2.1 Customer Needs
After discussing the topic of using CAES as a potential energy storage and backup solution,
the results show that the primary focus of energy storage businesses was the lowering of
costs. Many people were less interested in how the system worked or even what efficiency
it ran at. They wanted to know: how much does it cost now and in the long run? Most
secondary goals were also centered on lowering the total operating cost of the system.
Traditional fuel consuming energy backup systems, like a diesel-run generators, tend to
dominate markets, touting low initial cost. Our CAES system has a larger initial capital
investment at the moment than a diesel generator system would, but presents lower upkeep
and maintenance costs over time. The lower maintenance costs are largely attributed to
our system only using compressed air, rather than diesel fuel combustion which degrades
the system with every use. As a result, an efficient CAES system is significantly better in
terms of overall value-to-power performance in the long run.
Table 2.1: Customer Needs
Primary Secondary Tertiary
Total Operating Cost Energy Capacity Portability
Annual Operating Cost Lifespan Ease of Use
Annual Capital Expenses Performance Degradation
Efficiency
Cost of Fuel
Cost of Maintenance
The customer analysis,shown above, for the small-scale CAES system shows a good
market and a need for cost- effective, reliable energy storage devices. While lifespan,
portability, and other benefits are attractive, nothing is more important to a company
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than overall cost. In this sense, small scale CAES systems are a viable option. The typical
systems that are used for energy generation and storage on telecommunication sites are
diesel generators and battery banks. These systems are the same for both the US and
expanding third world markets. The difference, however, is that where the US market may
use these system 20 hours a year, the third world expanding market may use them up to
20 hours a day [18]. Therefore the most potential for growth is in the third world, with a
possibility for a small market in the US. Jonathan Biederer, former managing engineer of
cell sites in the western region for Sprint/Nextel, alluded to a possible market in remote
cell sites in the United States that are dependent on off grid power sources. Mr. Biederer
talked about how, in remote mountain cell sites, helicopters are the only means of getting
fuel to the energy systems or replacing the battery banks due to the absence of commercial
power. He talked about one of the main problems this project will address–getting rid of
replenishing fuel sources–stating,
The exception are those sites where no commercial power is available. These
use a number of solutions, ranging from P.V./diesel or micro turbine, to LP
powered bi-metal generators (for very small power requirements). Some trials
have successfully been completed using five different configurations of hydro-
gen fuel cells, the most desirable is the reformer system using just water and
methanol to produce its own hydrogen. The drawback to any of these systems
is the need to replenish elements, and without either hydrogen, fuel, or simple
water, they cannot be effective
-Jon Biederer
As Mr. Biederer noted, we can see the direct impact of having a CAES system rather
than a fuel consumption system. Eliminating the need for fuel directly impacts both the
cost for fuel and the need for access to a remote location to replenish fuel sources. The
cost becomes a huge factor especially when some sites can only be reached by helicopter.
Another problem that was addressed in the interview is system maintenance, which
adds to the annual cost of the system. The ideal maintenance cycle for the small scale
CAES will be around four years, as opposed to frequent maintenance that Mr. Biederer
talks about. Systems that are currently in use today are very efficient and reliable and as
such our CAES system will have to be competitive in these aspects. We also see a need for
high capacity energy storage, which can be done by just adding more scuba tanks–allowing
for us to keep mobility as a feature. The idea of the device is to utilize what it has stored
when the main power producer is not working or insufficient. Storing energy in compressed
air does not affect the storage device like that of batteries. We found from our sources that
batteries in extreme climates or batteries that hold charges over a period of time degrade
noticeably [18]. In a CAES system, we are unaffected by climate or time of charge. While
there is no absolute system available noting weather, fuel or media replenishment [4], we
plan on making our device versatile for different uses and environments. When it comes to
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the primary users of the system we found that it was desirable to not need a highly trained
technician. In the US, the battery replacement cycle is ten years [4], as opposed to India
which is 2 years [18], making our device tailored perfectly for the third world market.
Through our customer research, we found that a company is primarily interested in
a system that would beat the cost of existing systems. Our small scale CAES system is
expected to fulfill these needs. Small scale CAES systems provide solutions to many of the
flaws of current energy storage devices, from fuel consumption to maintenance and lifespan.
Through eliminating the problems associated with high cost and providing an alternative
to the standard waste producing storage systems operating today, CAES systems become
a clean and sustainable source of energy storage that can be used in many applications
around the world. With the explosive growth of technology in the next few decades, small-
scale CAES systems are poised to experience substantial growth and demand in third world
countries.
2.2 System Level Requirements
As stated earlier, the advantages of CAES systems are that they are long lasting and
require little to no maintenance. Regions experiencing high growth in energy demand,
where few or unreliable generating sources are available, and sites, such as remote micro
grids, that are difficult to access, are the prime markets for this system. We believe India
would be an ideal test location for a variety of reasons. Cell tower development throughout
the country means that construction will be done in remote areas, where infrastructure
and grid connection is weak. Our system is ideal as a long lasting source for energy storage
or distribution. Our simple system, with distinctly separate components, allows for easy
maintenance or part repair, and will have a simple user interface.
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Figure 2.1: System Level Sketch of Compression Cycle
7
Figure 2.2: System Level Sketch of Expansion Cycle
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2.3 Functional Diagram
Our system has two modes of function: taking in energy and outputting energy. The
system must be able to operate at a high efficiency to be useful in its primary operating
environment. The system must also be safe and reliable to mitigate any serious risks and
to operate independently for an extended period of time. A principal control system will be
able to monitor storage capacity as well as the operations of all the components, meaning
users will only have to interface with the system for repairs . The system would ideally be
entirely autonomous.
2.4 Benchmarking Results
Large scale CAES systems are being developed at a rapid pace with plants being built in
California, Germany and many other places. Small-scale is more of an untouched area with
very few competitors. The best of which is SustainX.
Figure 2.3: Conceptual Sustain X, a Competing Company’s Model for a CAES System [22]
SustainXs design, as shown in Figure 2.3, is different from ours as it is two-stage.
They boast that their design is almost completely isothermal which allows their efficiency
to range up to 90%. From experience, this efficiency is almost not feasible in practice,
but under exact conditions and theoretical assumptions, this efficiency is mathematically
possible. The difference between SustainX and our design is that SustainX can fit their
entire design on the back of two 18 wheelers whereas our design, if built correctly, will be
able to fit on the back of one pickup truck. We hope for the design to weigh less than 300
pounds to allow for relatively easy portability.
2.5 Key System Level Issues
As seen below in Figure 2.2, our design consists of easily accessible components that are
not specific to energy storage-specific industry. The options are almost endless for each
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subsystem, especially the compressor and motor subsystems. The lack of specific compo-
nents leads to a lot of issues regarding analyzing each subsystem. Although we know a
generalized version of what pressure and type of pump we want, it all comes down to the
type of funding and donations we receive. If higher tolerance compressors become available,
they can change the outcome dramatically.
Our rationale in choosing our system took place over many iterations. Our first thought
was a completely reversible system using one compressor and one motor that could both
be run in reverse. We researched possible candidates such as swash-plate compressors and
scroll compressors only to find that neither was feasible. Scroll compressors were too ex-
pensive and swash-plate compressors involve a lot of precise machining to produce, or can
be purchased. However, do not operate to high enough pressures that our system would
operate at. Scroll compressors also have many moving components and would generate a
lot of heat if operated for extended periods of time. We were quickly advised to consider
already-built compressors, such as scuba compressors, which eventually led us to divide our
design into separate subsystems. We found that compressors such as scuba compressors
work very well at high pressures, but not very well at low pressures. Also, these com-
pressors are generally non-reversible, meaning that we would need separate compression
and generation systems, increasing the price of the system. We decided for design that we
would separate the cycles, and focus on optimizing the expansion cycle. It could run at
some optimal pressure that is not too high that it quickly depletes the air, and not too low
that the power is insufficient.
2.6 Parts Used
2 500 psi solenoids
1 500 psi safety release valve
1 thermocouple
1 pressure transducer
1 manufactured steel rod housing for safety release
1 set screw
• 5.5 by 6.5 by 1 inch aluminum block for head
• 2 by 4 by 1 inch aluminum block for carburetor cover
• Briggs and Stratton engine
• Carbon Steel Spray paint
• JB weld
• flange
• 34 inch to 38 inch coupling
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• Ironhorse DC motor
• shaft encoder
• aluminum stand for shaft encoder
• tanks
• hoses
• wood base
4 wheels
• wood screws
2 pieces of wood under DC motor
• Arduino and all its components
• power source for both
2.7 Layout of System Level Design
Figure 2.4: Original System Level Design
11
Figure 2.5: Second Iteration System Level Design
The systems main functions can be broken into three modes: power (usage), power
generation, or system hold. These three configurations can also be thought of as a com-
pression cycle, an expansion cycle and a storage configuration. In order to consolidate the
three states into one system, multiple subsystems are necessary. As shown in Figure 2.5,
the electric motor turns a drive shaft which will drive a compressor. In the expansion cycle,
the motor is driven by the air through the expander. Thus the motor becomes a generator
that creates usable energy.
This mechanical system is combined through the transmission which can direct power
to either the compressor or from the expander. The transmission is complemented by
the pneumatic section which includes the compressor outlet, the expander inlet, the flow
regulator, and the pressure tank. The regulator works in conjunction with the transmission
to assure that the flow is directed to the proper subsystem at the proper pressure.
In the compression cycle, the regulator must allow for a high pressure flow to the
pressure tank to maximize the storage ability of the system. In the expansion cycle, the
regulator must direct a low pressure flow to the expander so that optimal system run time
can be achieved. The regulator itself is directly connected to the transmission and the
valve timings of both the compressor and expander in its respective states. In this way,
proper mechanical timing of the entire system is observed and the system can operate at
peak efficiency.
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2.8 Team and Project Management
2.8.1 Project Challenges and Constraints
Many of our project challenges and constraints were due to funding. With the limited
funding available to our project, definitive system analysis became difficult. Not knowing
what parts were feasible with regard to our budget created confusion on what pressures,
flow rates and other technical data are viable. Each components working efficiency heavily
depended on the cost of the component. Therefore, when funding was not adequately
acquired from the start, better analysis for a theoretical system was rendered useless.
To make sure our system would be desired in developing countries, we had to ensure
that our system would out perform the existing energy backup and stabilization. Because
our main competitors could only perform with outside fuel or constant upkeep due to
temperature and location, a primary constraint for the project was to build a mechanical
system that would work on its own for long periods of time in constantly changing envi-
ronments. The system would have to be able to perform at its peak in both extreme heat
or cold so that no power would be lost into controlling the environment around the system,
like a battery needs.
Another primary constraint was to build a mechanical system while keeping in mind
the desired commercial aspect. If built correctly, this system would be in a new market
for clean micro-grid power and out perform its conventional competitors both in efficiency
and long run cost. The cost element drives companies to invest and buy our product so by
promoting a cleaner, more cost efficient mechanical system for traditionally energy backup,
we can increase sales.
2.8.2 Budget
As stated, funding was a key aspect of our project. Like many CAES systems today, funding
is scarce due to the lack of categorization. In the US, there is separation of transmission and
generation. CAES can benefit both but neither is willing to invest [6]. What this means is
that conventional energy backup systems, such as diesel, only generate energy when needed
while traditional energy transmission systems usually only distribute energy to where it
is needed. Transmission systems usually do not deal with storage therefore creating an
overlap for CAES. CAES can store, generate and transmit energy when needed. Due to
this versatility and overlap, CAES does not fit directly into a category and thus, creates
duress in companies investing in clean energy.
As seen in the budget in Appendix A.7, our budget consists of very few major parts.
To save cost, we chose to utilize a donated Briggs and Stratton motor. Because the
compressor and expander is a bulk of the cost, this drove the price significantly down. The
other major contributing component to the cost was the motor, which was donated by the
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parent company StorWatts. What is left on the budget encompasses all of the small parts
to the system. The data acquisition hardware became the leading cost components. In
all, due to the generous donations from the Biederer family and StorWatts, the unit came
in under budget. To cover unforeseen costs or breakdowns for the future, a miscellaneous
portion was added to the budget.
2.8.3 Timeline
As shown in Appendix A.6, the timeline is fairly simple and generalized. The Fall quarter
was designated for conceptualization and project definition. The winter quarter, as well as
the winter break was specifically designated for the acquisition of both funding and parts.
While this process was being completed, more analysis and designing was done to improve
the overall perspective efficiency. After the parts came in toward the end of winter quarter
the team was able to start machining the necessary components. Both machining and
controls were worked on in parallel in order to be done around the same time for assembly.
In the beginning of spring quarter final assembly and touch up were done. After everything
was assembled and ready some testing was done to ensure proper function.
2.8.4 Design Process
After noticing a need for a cleaner energy backup and grid stabilization system, our mother
company, StorWatts went ahead and designed a small-scale CAES system. Our approach
to this design first consisted of brainstorming a design that was similar yet significantly
separate from StorWatts. That approach led us to the idea of a creating a completely pneu-
matic CAES system. Focusing on this generalized idea of a completely pneumatic system,
different style air compressors were then compared and contrasted. Such compressors as
swash-plate compressors and scroll compressors were considered as we wanted to create a
completely reversible system. The main limiting factors were cost/manufacturability and
efficiency. The scroll compressor proved to be very efficient and could be built for spe-
cific pressures, but it was very expensive and could not be manufactured in house. The
swash-plate seemed like a good idea, but would have had to have been manufactured in
house to get the desired size for our system. This was too much due to the tolerancing and
complexity and was therefore discarded. Later analysis proved that two separate systems,
one for compression and one for expansion, would be more ideal for our purposes. An
already developed compressor, such as a scuba compressor, could be purchased and an
expander could be built so that no machining needed to be done to the compressor. Due
to lack of time and funding, we decided to focus our efforts on the expander side of the
system as compressed air was readily available. For cost reasons, we chose to modify an
existing, donated Briggs and Stratton four stroke gas engine. Seen later, this engine would
be repurposed to become a single stroke positive displacement air expander.
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2.8.5 Risks and Mitigation
Safety is a huge part of our design. When dealing with high pressure compressed air, there
is always a risk of catastrophic failure. We made sure to design all of the parts in the
system to the maximum rated pressure to keep a safety factor of at least 3. That is to say,
our tanks would be filled with 2,000psi and all the main components seeing this pressure
would be rated to at least 6,000psi or more.
The other risk was the moving parts. The motor turning the engine or vice versa can
rotate at very high speeds. To limit the risk and hazard of these moving components, a
flange was put around the rotating pieces to act as a housing and barrier. If continued
in the product development, we would plan to house the entire system so that no moving
parts would be shown, as well as to limit any noise pollution that could come from the
system. The only major noise coming from the system would come from the safety release
valve that protects the solenoids, rated to 500psi, from seeing anything above 500psi. This
safety release also protects the engine and piston that is rated to well above 5,000psi from
normal gas combustion operation.
Lastly, the new cylinder head, made from aluminum was designed at an inch thick to
ensure maximum safety for the head. The engine would only see 500psi at most, but we
designed the head at one inch, with all nine existing head bolts, to be sure nothing would
happen upon catastrophic failure.
2.8.6 Team Management
In our team, we made sure to work together. Each member had individual skills that were
used to better the project, but overall, every person in the team had to at least be able to
understand every part of the project. Collaboration was key to creating an optimal design
for each sub system. That is why we decided to split up the group into separate teams to
tackle main subsystems with our CAES design. Joe and Matt developed a control system
to control the solenoids, read the data, and ultimately run the system. Mike and John were
mainly in charge of hardware and building or manufacturing the system from the ground
up. This led to better time management and quicker, more efficient results.
15
Chapter 3
Detailed Design
This picture below is the final product of the senior design project. Seen here are the ex-
pander, the repurposed Briggs and Stratton, the cylinder head, with all of the components
measurement and operations, as well as the dc motor. As seen below, the whole system is
mounted on a plywood base with four casters for easy transportation.
Figure 3.1: Final CAES Prototype
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3.1 Compressor/Expander Subsystem
3.1.1 Introduction to Subsystem
This subsection is the main component in the small-scale CAES design. This component
needs to be able to convert between electrical and mechanical energy as efficiently as
possible to minimize losses.
3.1.2 Summarize Options and Tradeoffs
Because this component is very versatile, many options were thought through and com-
pared. For our initial design, a high efficiency reversible compressor was desired. This
narrowed the list down to two easily obtained components, a scroll compressor and a
swash-plate compressor.
Figure 3.2: Scroll Compressor [26]
Figure 3.2 above shows a scroll compressor. This compressor works by moving one scroll
in a circular manner compressing pockets of air towards the center until the pocket shrinks
to a desired size. The air is then released from the center as higher pressure air. The
downside of this design and limiting factor is cost. Scroll compressors are very expensive
and difficult to manufacture, thus not the best option for our design.
The swash-plate design, Figure 3.3, is in a better price range. It is a very simple design
that is used in many engine applications. It works by moving positive displacement pistons
in a vertical manner placing a force on a rotating disc. The rotating disc is propelled around
as the cylinders fluctuate up and down opposite of one another. However simple this design,
it involves designing and manufacturing it in house. The design may be simple in laymens
terms, but the actual manufacturing is difficult. The specific parts have to be very precise
and work flawlessly. This led to the current design.
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Figure 3.3: Swashplate Compressor [26]
We decided to repurpose an old 5HP Briggs and Stratton motor. The motor was
generously donated by the Biederer family. This old gas motor operated in the way we
needed and was very cheap. The engine was a single piston positive displacement motor
with a side flywheel , carburetor, and variable throttle. The Briggs and Stratton can be
seen in Figure 3.4 from when we first received it.
Figure 3.4: Dirty Engine
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3.1.3 Detailed Design Description
The Briggs and Stratton was disassembled and all unneeded parts were removed. This
included the throttle, the old head, the magneto and much more. We were left with the
bare necessary parts needed for the primary application of CAES. The valve openings were
JB welded shut with valve heads on top. This created a smooth surface and minimal dead
volume for the new cylinder head to rest on. The engine was also sandblasted and painted
for a better finish. After refilling the engine with oil, the new compressed air expansion
system was ready to go. The finished engine can be seen in Figure 3.5.
Figure 3.5: Finished Engine
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3.1.4 Supporting Analyses
After contacting Briggs and Stratton and doing some research, it was determined that the
pressures reached during normal gas combustion operation of the engine were far higher
than the ideal running pressure for our system. Because the gas and air mixture reacts and
expands so fast, the engine sees pressure ranges sometimes up near 8,000 psi. Our CAES
system would, at maximum, never go beyond 2,000 psi in compressor mode and 500 psi in
expander mode therefore leaving a safe buffer zone during normal operation.
3.2 Cylinder Head Design
3.2.1 Introduction to Subsystem
Because the Briggs and Stratton head was not meant for compressed air, a new cylinder
head had to be designed. The repurposed engine was to act as an expander taking in com-
pressed air to rotate the crank and release the exhaust into the surrounding environment.
For experimental purposes, other attachments needed to be included in the cylinder head
design. These components can be seen in Figure 3.6.
3.2.2 Summarize Options and Tradeoffs
The need for components and safety had a great influence on the overall design of the head.
The smaller the number of components that are used the less parasitic, or dead, volume
there is. Parasitic volume hampers efficiency by adding excess volume for the compressed
air to expand into without displacing any work. Therefore, the less dead volume there is, the
greater the total efficiency will be. Because of this we had to choose how many components
we would allow on the head that would maximize performance and data acquisition while
minimizing parasitic volume. The thickness of the head also had to be taken into account
for factor of safety. The greater the thickness of the head or the stronger the material used,
the higher the safety will be. However, this leads to inefficiency due to parasitic volume
and unnecessary part cost. If the head is smaller in thickness it gives a reduction in cost
and minimizes the parasitic volume, but the safety will be reduced and the amount of
positive threading is reduced. Therefore a median between the two was chosen to provide
sufficient safety and efficiency while minimizing dead volume.
3.2.3 Detailed Design Description
The cylinder head was designed to minimize the losses in parasitic volume while at the
same time providing adequate space for the various components needed to fit. The head
was designed with a sufficient safety factor to provide the necessary strength to hold the
pressure in the cylinder.
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As shown in Appendix A.8, nine 38 inch bolt through holes in specific places allowed
the use of the bolt holes on the existing cylinder face. The thickness of the head is 1 inch
to insure sufficient safety for the 6061 Aluminum that was used. Five holes for components
were added in a cross located directly over center of the piston. Three of the holes were
1
4 inch NPT and two
1
8 inch NPT in order to accept the components that were needed for
operation and analysis.
Figure 3.6: Cylinder Head Components
As seen in the Figure 3.6, the biggest components, the two solenoids, were placed on
opposite sides of one another to allow space for all the components. The thermocouple was
placed in the center being the smallest component and the pressure transducer, not shown
above, was placed on the outside. Across from the pressure transducer was an in house
manufactured 500 psi safety release valve. The steel housing is connected to a 18 inch NPT
nipple and houses a safety release valve and a set screw. The set screw, located on the top
steel housing, comfortably holds the safety release valve in place.
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3.3 Control System
3.3.1 Introduction to Subsystem
This complex system needs a control system. Before the engine was altered for an expansion
process, the control system was entirely mechanical. In the new system, this was changed
because of the difficulty to create a mechanical timing control system and because the
system needed to have flexibility that a mechanical system does not have. The system
implemented is an electronically controlled valve timing system. Because of the electronic
component, the control system has additional circuitry and a microprocessor to run the
valves and to take in additional sensor data if necessary.
3.3.2 Summarize Options and Tradeoffs
The move from purely mechanical to electrical is a big trade off. Mechanical systems are
the equivalent of analog circuitry. They are significantly faster than digital components
when tasked to do a very specific job. There is a reason that high rpm engines do not have
electronically timed valves. However, with that added operating speed comes a large draw-
back. The system is very rigid and very time consuming to alter. Significantly changing
the valve timing on a mechanical system would require replacing the entire system.
The decision to use a digital control system indicates that we value the flexibility it
gives over the speed an analog system provides. There are a number of reasons for this.
One, in testing of the system, generating a large range of valve timings is ideal, gathering
large amounts of data that yield a more detailed picture of what is the most efficient
configuration for our system. Second, this type of timing gives us wide control over the
expansion cycle. Given the right conditions, the system could be designed to change on
the fly in the event of changing environmental variables. Third, a flexible system like this
gives us the opportunity to theoretically design a reversible system.
However, as the system increases in complexity and the micro controller is programed
to handle more tasks, the overall system speed decreases. In an engine that operates more
efficiently at higher pressure and higher rpm, this is a serious tradeoff. At this stage in
development though, that downside is of less concern than the increase in flexibility.
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3.3.3 Detailed Design Description
The system is comprised of four major components.They are the central micro controller,
the rotary shaft encoder, the solenoid valves, and the secondary sensors. These four com-
ponents are what allow the entire system to function.
Figure 3.7: Arduino Mega 2560 Microcontroller
The main part of the system is the micro controller. It is the brain of the system.
It controls all of the other components in the system and deals with the logic in running
the system based on input and outputs. The micro controller used in this project was an
Arduino Mega 2560. The controller is shown in Figure 3.7. This controller was chosen for
a couple of important reasons. First, the hardware is easy to purchase, off the shelf, DIY
style micro controller. The Arduino community is strong and that means that interfacing
hardware, example code, and other community support is easy to come by. This makes
development on an Arduino system easier. Second, the Software Development Kit (SDK) is
a custom, yet user friendly, environment. This allows for greater control over the hardware
than a 3rd party SDK. This additional control is very important in a system in which timing
and strategically allocating CPU resources manually is important. The third is a result
of this specific Arduino board. This board has a faster clock speed, more I/O pins, and
more interrupts than the basic Arduino Uno board. The faster clock speed and multiple
interrupts are the primary reason for choosing this board.
During a single clock cycle, the board carries out the instructions of a single line in the
code. The code runs sequentially, and in a program in which precise timing is needed, the
sequence of code is very important. In a single cycle, the Arduino must read three inputs,
do some computations, and then possibly set two new outputs. Reading and writing values
takes a relatively long time compared to pure logical computations. What this means is
that during the process of writing an output, another event that would normally trigger a
read would not trigger because the CPU is currently busy. Missing one read event might
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not mess up a timing cycle, but repeatedly missing an input trigger will eventually create
errors in the timing that add up very quickly.
The solution to this is the use of interrupts. An interrupt is a special trigger that is
constantly watched. They are hard coded into the hardware to check at the beginning
of each clock cycle. When an interrupt is triggered, no matter what process the CPU
is currently doing, that interrupt sequence is done. An example of this is pressing the
shutdown button on your computer. The computer will shut down no matter what else is
happening. The Arduino Mega 2560 has a total of six interrupt triggers. Two are used for
communication and debugging and two are used for reading inputs from the rotary shaft
encoder.
Figure 3.8: Rotary Shaft Encoder Autonics E30S-4-360-3-N-24
The rotary shaft encoder is the sensor used to determine the position of the piston
inside of the cylinder. The shaft encoder used in this project is a relative position encoder.
It can only detect the angle of displacement, not the angle of the shaft relative to a fixed
point. The encoder works by shining a light through a uniquely slotted, spinning disk.
The light shines through the unique slot and puts a shadow onto a light sensor behind
the disk. The shape of the shadow on the sensor indicates the position of the encoder. In
a relative position encoder, the patterns repeat so that only the changes in rotation are
recorded and outputted. In an absolute encoder, the patterns output a unique bit string at
each individual location. These are significantly more complicated than standard encoders
because of the increased precision necessary to get these unique bit patterns.
The encoder used is shown in Figure 3.8. It is an Autonics E30s4-360-3-N-24. The
important information to take away from the data sheet is the resolution of the sensor, the
output phases, and the required voltage. This encoder has 360 divisions per revolution,
has a three pulse output and requires between 12 and 24 volts. Our system is designed to
work on 13.8 volts.
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Figure 3.9: Encoder Pulse Output
The way the encoder outputs data is through a series of pulses. Figure 3.9 shows the
pulse outputs from the encoder as it spins. The combination of Phase A and Phase B can
indicate both the direction and frequency of pulses. This can be directly translated into
positional data. Phase Z is mostly used as a reference pulse. Since the error for pulse times
is roughly half the pulse length, by calibrating the pulses in reference to the Z pulse, the
total error is minimized.
In this project, only the A phase was used to determine position. By monitoring a
rising edge change on an interrupt port, the number of pulses can be tracked. However,
the output of this encoders A phase only ranges from 0.2v to 0.45v. In order to recognize
a logical high or low, the Arduino has to have an input of 0-1.8 for a LOW and 2.4-5 for a
HIGH value. This means that the pulse must be run through a logical circuit.
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Figure 3.10: Encoder Output Circuit
Figure 3.10 shows the logical circuit for translating the analog output from the encoder
to a digital equivalent. This circuit revolves around the logical comparator gate. By
comparing the pulse to a reference voltage, the comparator will slam the output voltage
to either 0 or 4.8 volts. This is good enough for the Arduino to understand the encoder
output.
The valves in the system are high voltage, high pressure, fast acting solenoid valves.
The important part of this in respect to the control system is the high voltage aspect. The
Arduino can only output up to 4.8 volts. This is not nearly enough to power the 13.8 volt
solenoids. The control system needs a way to control a high voltage source with a low
voltage input. This can be done purely in circuitry. By using a fast acting NPN transistor
circuit, a high voltage can be allowed to power the valves. This circuit is shown in Figure
3.11.
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Figure 3.11: Solenoid Circuit
There are two additional sensors in the control system. These are the thermocouple
and the pressure transducer. The thermocouple is a standard type T thermocouple. The
pressure transducer has an input range from 0-2000 gage psi. The output is from 4-20mA.
It is also important to note that the errors on the pressure transducer is 5%. This means
that the reading is within 10psi. The pressure inside the chamber goes through much higher
pressure changes than that, but it should not exceed 500psi at any time and should drop
to 0 at the exit stage. Because of the resolution of the instrument versus the resolution
needed, it is possible that some data is lost as the pressure drops to close to 0 psi.
3.4 Resistor Bank/Output Display
3.4.1 Introduction to Subsystem
When operating our experimental system, an output power display must be designed. This
display needs to load the system so that when the system operates in expansion mode, the
DC motor acts as a generator creating power seen in the power display. This display can
come in the form of giant ceramic resistors dissipating heat or many lights showing the
power in a more visible fashion.
3.4.2 Summarize Options and Tradeoffs
Because our system is still in the development stage, either a resistor bank or light display
would work. For data acquisition, the resistor bank proves more useful and accessible.
The resistors can be added or removed to generate exact loading conditions to optimize
the performance of the DC generator. For presentation or display of the design, however,
the light display proves more useful. The power output of the operating system could be
shown to non-technical personnel that would not otherwise understand the power output.
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Chapter 4
Theoretical Analysis
The two parts of this subsystem that were specifically analyzed were the forces on the
piston crank assembly of our motor and the valve timing over the crank angle for one
revolution.
The valve timing is the most critical operation of the expander. First though, in order
to calculate the valve timing, the correlation between pressure and performance needs to be
established. By the second law of thermodynamics, the availability to do work is directly
related to the potential energy in the system. For our system, the pressurized air stored
in the tanks is the potential energy in the system. In order to extract the most work from
the high pressure pneumatic energy stored in the tanks, the expander needs to work at the
highest pressure that the various components will allow.
4.1 Valve Timing
The maximum operating pressure that the current solenoids are rated for is 500 psi. In
order to get the best efficiency, the expander will need to operate at the maximum available
pressure that the system allows, which in this case is 500 psi. To extract the desired work
and minimize the losses out the exhaust, the inlet solenoid valve will let in a calculated
burst of air. The duration of the burst will be dependent upon the the pressure of the
inlet air, the loading of the generator, and the speed of the motor. For example, at lower
pressures or higher loads, the inlet solenoid valve will need to be open longer in order to
keep the expander operating. The theoretical timing is shown below in Figure 4.1.
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Figure 4.1: Theoretical Valve Timing
Figure 4.1 shows the desired valve timing under standard operation. In the optimal
theoretical situation, the inlet valve, valve 1, is only open for the desired burst at the
beginning of the power stroke and is fully open instantaneously. For the outlet stroke, the
exhaust valve is open for the full duration of the stroke to fully exhaust the air. However,
the actual timing of the valves will be like that shown in Figure 4.1.
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Figure 4.2: Actual Transient Valve Response
Figure 4.2 above shows the transient effect of the valves. Due to the time response of
the valves, the valves will need to open a few degrees before their respective stroke to allow
time for the air to flow through. Enough mass, which will be analyzed later, will need to
enter the system to allow for the best efficiency and most torque to the motor.
For the forces on the piston, a simple free body diagram approach was taken with
simplified beams. Assuming no losses around the piston and uniform force over the piston
head from the air pressure, the piston setup was modeled.
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Figure 4.3: Simplified free body diagram of the piston-crank system
In the free body diagram above, the green arrows signify the reaction forces at the
pinned connections and the red arrows signify the internal forces within the rods. The
measured and calculated geometrical values for this system are shown in the following
table.
31
Table 4.1: Measured geometrical values for the piston-crank system
Parameter Measured Value
Gasket Thickness 0.125 in
Bore 2.98 in
Stroke 2.38 in
Throw (T) 1.19 in
Rod (R) 3.5 in (est)
Piston Head Area 6.97 in2
Dead Volume 0.0872 in3
Inlet/Outlet Diameters 0.25 in
To get the torque created in the system, we first have to get the pressure response
denoted as the uniform black arrows on the piston head in Figure 4.3. To start, we use the
law of sines to get γ, the angle between the y axis and the piston rod:
sin(θ)
R
=
sin(γ)
T
(4.1)
where θ is the angle of the crank from top dead center, R is the piston rod length, and T
is the throw length. We then use the basic law of triangles to solve for the angle between
the rod and throw, Φ:
Φ = pi − γ −Θ (4.2)
After obtaining Φ, we use the law of sines once again and rearrange to get the distance
between the piston and the crank, E:
E =
R sin(Φ)
sin(Θ)
(4.3)
From this E, we can calculate the exact placement of the piston with relation to top dead
center, y:
y = (R+ T )− E (4.4)
Now that the placement of the piston has been determined, the transient pressure can be
determined.
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4.2 Design Mass Analysis
The pressure of air in the cylinder is a function of the density and temperature inside the
cylinder. The air is assumed to follow the ideal gas laws which means that by adding mass
to a system of set volume, the pressure increases predictably. By controlling the inlet flow
in terms of mass, instead of pressure, the instantaneous pressure inside the cylinder can be
found at any piston displacement.
As the valve opens, mass enters the system at a set mass flow rate. This increase in
mass for a set volume increases the pressure. An increase in pressure puts a force on the
piston, causing it to displace. This displacement increases the volume, which decreases
the density and thus the pressure. That means, in the system, there are two competing
variables that determine the torque in the system. However, the increase in pressure due
to the very high mass flow rate is significantly higher than the decrease in pressure due to
the displacement of the piston. This means that the valve only needs to open for a short
time to increase the mass to the required mass for a fully compressed state. From all these
relationships, the force on the piston at any displacement can be determined. From this
force and the angle of the crank, the torque over the crank angle can then be calculated
for any crank angle.
Figure 4.4: Torque vs Crank Angle for Different Expansion Ratios
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Seen in Figure 4.4, the torque directly depends on the incoming pressure, or expansion
ratio. To get the specific incoming pressure, or expansion ratio, for our system, a design
mass analysis was done.
The required mass needed for every cycle is the amount of mass of air in the cylinder
at the fully down position minus the mass at the fully up position at atmospheric pressure.
This means that the valve must be open for the amount of time required to achieve that
mass for a set flow rate. The flow rate is determined by the pressure difference between the
inlet pressure from the source and the exit pressure at theoretically atmospheric pressure.
A higher pressure difference will yield better results because higher pressure, and thus force,
can be utilized over the range of crank angles. However, if the inlet pressure becomes too
high, pressure is lost and released to the atmosphere as exhaust, as seen in Figure 4.5.
Figure 4.5: Poor Valve Timing Demonstrating Exhaust Losses
Also, in lieu of dedicated timing hardware, the the valve timing is set as a function of
crank angle which can be measured accurately using our shaft encoder. At an inlet pressure
of 500 psi, the valve should be open for 0.0346 radians of crank shaft angle displacement
to get the design mass into the volume. From this analysis, the specific expansion ratio
that maximizes the performance of our system is 19:1. The following two figures show the
transient pressure and transient torque for a 19:1 expansion ratio.
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Figure 4.6: Pressure vs Crank Angle at 19:1 Expansion Ratio
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Figure 4.7: Torque vs Crank Angle at 19:1 Expansion Ratio
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As seen in Figure 4.6, the solenoid theoretically opens for 0.0346 radians to allow just
the right amount of mass of air into the dead volume. If more mass than is needed is
allowed to enter the cylinder for the designed expansion ratio, there will be a loss in the
system to exhaust gases as noted before. Ideally, all the air at the dead volume will be
at atmospheric pressure. That way, when the outlet valve is opened, the air will have no
loss in potential energy from further expansion. If extra mass is in the system then that
extra mass will expand to atmospheric pressure, but that expansion will not go towards
displacing the piston.
Since the valve opening is measured in crank angle, the timing of the actual valve is
determined by the RPM of the engine. The ideal RPM is a speed at which the response
time of the solenoid action can match the required speed of valve action. This comes from
the time it takes for the shaft to rotate the required open angle, in this case 0.0346 radians.
However, the assumptions made for this calculation are, one, instant access to the high
pressure air, and two, instant expansion and unlimited flow. In actual tests, the time
response and reduced flow from the solenoid drastically affected the pressure response.
The RPM may have to be reduced in order to allow the solenoids to actuate fully for
the desired change in angle while keeping in mind the time response of the solenoids and
control system. This is due to the relatively slow response times of the solenoids compared
to the desired RPM. The time response for the solenoids we currently have are 30-50 ms,
which were too slow for operation at the desired RPM.
The current expectations for the true output are much less than the theoretical transient
pressure response seen in Figure 4.6. The solenoids response time is expected to hurt the
response of the system dramatically unless either the RPM is decreased dramatically or the
response time of the solenoids is decreased dramatically. Full flow will only happen for the
duration when the solenoid is fully open, so the realistic valve timing will be determined
through experimentation.
The expected modes of failure for the system start with the sealing of the piston head.
New teflon rings will be ordered and adjusted as needed to reduce loss from leakage.
However, the rings will not be perfect therefore creating a pressure loss over the piston
head. Another expected mode of failure is a possible malfunction in the output solenoid.
If the output solenoid misses an opening, the stroke will become a compression stroke that
could seriously damage the engine internally. This was remedied by a safety release valve
placed in the manifold. It was designed to be 500 psi to ensure the engine does not break
down internally from over pressurizing. The last mode of failure analyzed was the force
needed to overcome the static friction and the rotary inertia in the system. In other words,
to get the flywheel spinning, the pressure force must be sufficient. To remedy this possible
situation, the motor pull start was reattached, to manually start the system during testing.
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These analyses have provided us valuable insight into the necessary valve timing of
our solenoids, as well as help project what our power output will look like in relation
to crankshaft angle and the compression ratio of our system. With these analyses, we
determined the necessary pressure for the safety release valve and the required optimal
timing for the inlet valve. In future testing, we intend to vary the inlet pressure, and the
resulting crank speed, using what we have calculated as initial testing conditions.
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Chapter 5
Testing Results
Although much testing was wanted and needed for this experimental system, very minimal
testing was done for lack of time and safety concerns. The system needed to be isolated to
ensure no harm in case of a catastrophic failure. This meant the machine shop manager
and faculty adviser for our project had to be present at the time of testing.
The motor was attached to nitrogen tanks at 2200 psi courtesy of Don MacCubbin in
the machine shop. While our system is intended to operate using air, atmospheric air is
comprised of 78 % nitrogen, and a lower reactivity, so pure nitrogen was safer for use in
testing our system. The nitrogen tanks were regulated down to 20 psi, 30 psi, 40 psi and
70 psi for four separate tests. A string was attached to the flywheel allowing the engine to
be started manually. This helped the engine turn over to get the engine started.
However, the running pressure desired was much more than 70 psi, being ideal between
300 and 500 psi. The force needed to turn the motor over was much more than was tested,
All of the tests resulted in the same response from the system. The compressed air was not
able to completely turn the engine over and thus got stuck on the exhaust stroke where
the piston should be travelling back up.
For future testing, the tanks would be regulated to much higher pressures to make
sure the engine gets turned over. Also, the arduino would be programmed for engine start
allowing more compressed air to enter the chamber during the first two or so cycles to help
get the engine turned over and moving. Lastly, to ensure safety, the system would have
to be run over 500 psi and hopefully up to the maximum to see if the safety release valve
works or possible catastrophic modes of failure, assuming there are any.
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Chapter 6
Areas for Improvement and Error
Analysis
6.1 Engine
The engine chosen was obviously not the best choice for the operation, but at the time, it
provided a cheap fixable alternative that could be repurposed into something that repre-
sents our idea of a CAES. Although it fulfilled the expectations and needs of the experiment,
a better expansion motor would be desired if the design were to continue. The optimal
compressor and expander subsystem would comprise of a high efficiency, off the shelf, com-
ponent, such as a scroll compressor so that mass producing would be as simple as possible.
Also, by choosing off the shelf components, extensive research could be found to optimize
the components for our system. However, cost would still be a limiting factor.
6.2 Solenoids
The solenoids are 500 psi parker direct acting solenoid valves that were generously donated
by StorWatts. These valves allowed for variable timing which could have potentially allowed
for better efficiency. The solenoids currently have a set timing, though with future iterations
on this project, this can be changed to an adaptive timing. Variable timing would allow for
the valve to stay open longer when needed at the beginning and shorter once the system
got going. However, the solenoids also limited the speed of the system dramatically due to
the time response and throughput of the solenoids. The desired opening time calculated
from the theoretically analysis was on the order of fractions of a millisecond, which is not
exactly feasible with any sort of cost constraints. However, the solenoids used were not
even close and according to the manufacturer, operated on the order of 50 milliseconds.
This was orders of magnitude to high and caused the operating RPM of the system to have
to be decreased significantly. The throughput of the solenoids also limited the system. The
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throughput was too small which inhabited the flow of the exhaust to the atmosphere. This
created a small compression stroke on the exhaust stroke which effectively put negative
force on the piston. The compression slowed the momentum of the flywheel and engine
causing a hard time for the engine to turn over during testing.
In the future, the solenoids could theoretically be replaced by an all mechanical design.
A cam could be utilized to create a rotary inlet. This design would allow the engine to
run at any speed and be controlled directly by the position of the piston in the chamber.
Not only would this eliminate the need for a major electrical component in the system,
but would allow the engine to run at much higher speeds and pressures. This design is
currently being developed by Derek McLeish, a compressed air car enthusiast, to run his
own designed compressed air-powered formula car, but the specifics on how he accomplished
his design were not available to us.
6.3 Reversible System
A main downfall of the current design is that it is not currently reversible. Theoretically,
the solenoid timing could be changed using the Arduino and the system could be driven by
the motor, but that is not yet set. A desired system would be completely reversible. The
system could take power to control the DC motor, compress air into tanks and then act as
an expander when the process is in reverse. Utilizing the compressor also as an expander
would allow fewer components and ultimately lower cost.
6.4 Testing
Much more extensive testing would be done for the system to really grasp the operating
ranges for the system. We would take data at different pressures, different inlet times,
different inlet time steps, different outlet time steps, etc to get an overarching picture of
the sweet spot of the system. We could then tune each subsystem to allow for our whole
system to run at the best possible parameters to create the best overall efficiency.
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Chapter 7
Cost Analysis
Table 7.1: Estimated Budget
Item Cost
Compressor (engine) $500 - $2500
Storage (tank) $350
Valves $100
Power $500 - $1000
Structure $200 - $400
Sensing/Monitoring Tools $300 - $700
Control System Software $400
Total $5000 High End
Prospective Budget $10,000
Above is a summarized list of expenses that incurred in gathering the materials for
our project prototype. As stated before, StorWatts has been generous in offering us any
components they can spare for our project, but we would like to address all potential
expenses in our documentation. The largest expenses we anticipated was from obtaining
the expander and the motor. However, after generous donations from John Biederer and
StorWatts, the expander, a Briggs and Stratton engine, and the motor became our least
expensive parts. We did not anticipate needing a shaft encoder or multiple pressure trans-
ducers which became the bulk of the expenses. We did not have a difficult time obtaining
the storage tanks or the valves as StorWatts provided sufficient solenoids for the project.
Constructing a structure for our system will require more resources than anticipated de-
spite the relatively basic layout. This cost is due to the flexibility needed for a product in
development. The control system will be made up of sensing and control units along with
the software needed to drive them. When dealing with high pressure mechanical devices,
it is necessary to make sure that the machine will run safely, and with this safety comes
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cost. All the machinery on the device will have to be designed with sufficient safety factors,
which like the components, are dependent on the psi and power ranges the device will run
at. Therefore we speculate that a budget of $10,000 will give sufficient room to ensure a
functional and safe machine device.
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Chapter 8
Business Plan
8.1 Introduction
A large part of the infrastructure is dependent on the stability of energy usage. The systems
that keep the infrastructure held together are energy based. This includes electrical grids
for housing, telecommunications, offices, public transportation, and utilities. Because of
this dependency, energy and energy applications represent a large possible market. The
government is also aware of this. Proper energy management represents a high standard
of living and supports economic growth. This is part of the reason why there is so much
government involvement and funding for private companies in the energy sector.
The energy sector can be broken down into three main categories, energy generation,
energy storage, and energy management and distribution. Energy storage is a particularly
important area as current long term energy storage solutions are not effective enough to
be financially efficient. Making too much energy is just as much a problem as not enough
because it is wasted. The current best way to store energy is via batteries. However, they
have their limitations. The proposed solution to this is using a Compressed Air Energy
Storage System (CAES). Given a high quality system, there can be minimal energy losses
over a long period of time. This is incredibly valuable to the energy sector as a whole.
Long term energy storage has many applications.
Some companies are already offering these systems. There are large systems that help
power plants with excess power generation and small systems that provide remote power
backup solutions. We would enter on the micro scale, providing small grid stabilization.
8.2 Objectives
We have two main objectives in the pursuit of this endeavor. We would like to have
the CAES system become a more recognized alternative to standard energy storage and
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generation systems. We would also like to create a financially stable ecosystem around this
system. By doing these two things, we would ensure the success of the CAES system as a
viable alternative to traditional energy storage devices.
Furthermore, as a company we would like to maintain a positive growth of at least 10%
per year. A growth rate like this is necessary to sustain the business long term. It also
gives us a reasonable return on any initial investments in the company as one of the biggest
downsides with large plants is the high initial cost and limited scalability.
8.3 Project Description
Macro-sized CAES plants currently use underground salt caverns as storage tanks for the
compressed air being stored from the grid. What we propose is a small-scale version utiliz-
ing many off-the-shelf components which work similarly to that of macro CAES systems.
Using power obtained from the grid, solar energy, or even wind energy, this system will
compress air through a repurposed Briggs and Stratton engine into a set of scuba tanks.
These scuba tanks can be added or taken away to allow for the exact energy needed for
a given situation. This scalability factor allows our system to meet the needs of many
different situations or areas. Once compressed, the air can be stored for very extended
periods of time in any conditions. When power is needed, the air can be drawn from the
scuba tanks reversing the process and creating electrical power. The expansion of the com-
pressed air in the cylinder works similarly to an internal combustion engine, which turns
the electric motor to generate electricity. Therefore, we can take electrical energy, turn it
into mechanical energy stored in tanks as compressed air, and reverse the process to create
essentially a more durable better battery.
8.4 Potential Markets
Individual Users
Grid stabilization is essential in established and emerging markets. As development in an
area progresses, so too does the economys dependence on a stable power grid. In the United
States, many companies and areas provide grid stabilization with on-site generators, or
other energy storage systems, such as uninterruptible power supplies (UPSs) for smaller-
scale electrical devices. In addition to supplying power when the grid is down, energy
storage systems can also supplement grids by releasing power during times of high power
consumption, and storing power when power consumption is low. Electrical companies such
as PG&E track at what times power is consumed, and charge more for using power during
peak times than during off-peak times. Our small-scale system design is well suited for
individual users or buildings that rely on uninterrupted power, with low power consumption
for extended durations.
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Developing Areas
The impact electricity can have to rural/ developing areas can make a huge difference in the
economic growth. Our product can help to ensure the stability of that economic growth.
An economic study of rural Bangladesh done by Human Development Research Centre of
Bangladesh showed that electricity improved the production of farmers by 11 times only
due to improvements in farming techniques made available by electricity [3]. As the area
develops, so too will the dependency on electricity.
8.5 Competition
There are currently only a few companies working on the small-scale CAES systems, mainly
the parent company StorWatts and SustainX. StorWatts is currently in the development
stage and at a smaller scale than its main competitor SustainX. Although SustainX boasts
a maximum theoretical efficiency of 90%, their system is too big for the market we are
targeting. They propose their device can be transported on the back of two fully loaded
semis. However, this may be too big if underdeveloped countries do not have the means
to transport such large packages.
Figure 8.1: Conceptual Sustain X, a competing company’s model for a CAES system [22]
StorWatts, along with our design, proposes a design easily transportable on the back
of a pickup or even broken up to fit on multiple scooters. The parts could be reassembled
on site with minimal instruction and scalable storage to fit any condition.
8.6 Sales & Marketing Strategies
In the industry there are a few pros and cons associated with compressed air systems. We
would like to design a marketing strategy that hits all the big points and plays down all
the negatives.
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Hard to Classify
Selling CAES as a viable alternative to batteries and diesel engines has been a difficult
pitch for a while. Many markets currently have diesel generators as backup energy devices
as they create reliable power the instant they are needed. However, they do not store any
type of energy. For this reason, it has been hard to classify CAES in terms of traditional
energy back-up or stabilization systems.
Our way to avoid this is to not try to classify it with that level of specificity. We would
market our system as just that, a system. One that contains all the necessary components
of a complete energy management system. By doing this we accomplish two things. One,
we take deflect attention away from the arbitrary fact that it does not fit into a standard
category and two, we enhance the concept that the customer is getting a greater return on
investment.
Better than Diesel
We propose hitting this topic head on and using it as more of an advantage than a crutch.
However reliable diesel generators currently are, they only create energy when fossil fuels
are burned. This only drives up the cost of the system as well as the degradation of the
system. They do not harness or utilize any form of sustainable energy and only add toxic
waste to the surrounding environment.
By emphasizing the long lasting detrimental effects of diesel power, we can effectively
market a cleaner solution that lasts longer. This is a shift of market perception and is
critical to the success of the system as it is also undeniable that fossil fuels are a much
denser form of energy storage and are cheaper in the short term.
Better Than Battery
A battery, on the other hand, does take energy and store it. However, a battery is very
partial to its surrounding environment. Battery users, such as the manufacturers of cars,
have to take extreme measures to ensure the environment surrounding a battery is abso-
lutely perfect. If the environment is not perfect, the battery will not operate at its peak
performance and will also degrade faster over time with increasing lower performance. This
is extremely different from CAES. Not only does CAES not degrade drastically over time,
but it is very impartial to the surrounding environment.
By focusing on this fact, we can create an effective campaign against batteries as the
primary form of backup. In addition, the differences in the production of storage devices
should be highlighted. The creation of batteries requires harmful chemicals and can be quite
toxic. It should be contrasted to how clean the manufacturing, operation, and disposal of
compressed air is.
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Pure System
Harnessing solar or wind energy, we can create a perfectly sustainable, clean energy backup
system that does absolutely nothing to the surrounding environment other than provide
power when needed. It will be an isolated system that neither inhibits nor affects the
surrounding environment.
Long Term Cost
Probably the best reason for a CAES system is the long term cost benefits. In the short
term, the other systems are a cheaper alternative to CAES. However, the big upside for
our system is that the maintenance intervals, associated costs, and fuel requirements are
significantly less. This means that over time, our system has increasing good value relative
to other energy storage systems.
By leveraging this fact, we can attract a large market base. When it comes down to it,
costs are the driving factor for any company. If we can sell our system as having the best
value out of any of the other systems, then we will get customers. The key to to promote
this fact, especially when companies are considering creating a system for the long term.
Given these considerations, our target demographic is both new private energy compa-
nies and developing nations with government aid. These two demographics require different
strategies. One is set on creating a sustainable business while the other is concerned with
providing support for an unknown length of time. In both cases, the appropriate way to
sell stock is to advertise directly to companies that need them. This might mean placing
advertisements alongside other power storage solutions. The importance of the contrast
between the systems is paramount.
For the government funded aid programs, the strategy is a little different. This would
require finding out new programs that are going to be funded or were just recently funded
by the government. This information is public information. By examining this information,
we can determine who would want and could buy a system. It is then a process to directly
advertise to them, focusing on select few individuals. This should be much more effective
than marketing to the general public, much of whom have no real need for a CAES system.
8.7 Manufacturing Plans & Processes
We will use Taizhou Weihao Machinery Co., Ltd [23] which currently manufactures base-
line compressors. It will be manufactured in China for cost. Sand casting is in the range
of production we wish to achieve finalized with finishing machining. This will take ap-
proximately 3 days to manufacture and assemble. Initially the production will be for 100
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machines. In order to start production we will have a capital cost $250,000 and hopefully
ramp up production to 1000 units per year by expanding our manufacturing site in China.
8.8 Product Price & Cost Summary
The average production volume is completely dependent on demand of the product. How-
ever there are tens of thousands of possibilities to implement the CAES system into various
micro and smart grid applications. If we produce 1000 units per year there may still be
a demand that would not be fulfilled. Despite this if we use 1000 units as an arbitrary
production number we can calculate the approximate total cost of the operation. Cur-
rently the unit cost is estimated to be at $2000. If the building costs $5000, personnel
cost $16,563.89, equipment cost $2000, expected overhead of $3000. Therefore our fixed
cost per month is $26,563.89 adding $250,000 unit cost per month, the total cost equals
$276,563.89.
8.9 Service Processes & Costs
The projected service process is to check the valves, gaskets, and service lines. Since the
system is isolated and enclosed, there is a greatly decreased potential for external corrosion
or damage, so the maintenance period for a CAES system is projected to be approximately
4 years or more. The Scuba tanks and valves are rated to have a functioning life of 10 years,
but may decrease depending on the frequency of compression/expansion cycles. The most
likely area of failure is the control system, which can be sold and replaced as an entire unit
for approximately $100. With projected maintenance fees of $120 per unit maintained, the
net service cost would total to approximately $220 every maintenance period.
8.10 Financial Plan
Based on the Return of Investment Exercise (see Appendix A.5), if we have an initial
price of $5000 per unit, and a very large monthly growth, we can recuperate our initial
investment within 13 months. With proper company connections and business-targeted
marketing strategies, we can expect the demand of our product to increase greatly, such
that the demand for our product will have a very small lag time for the turnaround of
company profits. However, the increase in demand will also increase facility and equipment
costs, thus making the Return of Investment necessary to extend over a very long period
of time, with a lot of variability depending on product demand, development speed and
energy demand, this Rate of Investment plan would have to be modified month-by-month.
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Chapter 9
Engineering Standards and
Realistic Constraints
9.1 Economic
Our target consumers are people who live in rural, underdeveloped areas, who are less
concerned with the economics of energy consumption. Governments can purchase our
energy storage units and install them with pre-existing microgrids, or concurrently with
new energy grids. The impact electricity can have to rural/ developing areas can make a
huge difference in the economic growth. Our product can help to ensure the stability of that
economic growth. An economic study of rural Bangledesh done by Human Development
Research Centre of Bangladesh showed that electricity improved the production of farmers
by 11 times only due to improvements in farming techniques made available by electricity[3].
Presumably, as the area develops, so too will the dependency on electricity. Our product
ensures development like this can continue by providing clean, reliable power.
Our system is designed to be a long term alternative to conventional storage systems.
That is where its value is derived. While the initial cost is higher than conventional systems,
it takes less money to keep running and to maintain it. It also has a longer life span. The
system becomes more lucrative in situations in which it needs to provide energy support for
a larger system which may have a high importance but unstable power grid. An example
of this is a cell network. By patching the infrastructure network, it overall saves money
as money is not lost due to a grid partial failure. The system is designed to keep a larger
system from having as little downtime as possible.
If this system can also be produced quickly and cheaply then all of the benefits listed
above are compounded. The lowering of initial costs are built into the design for ease of
manufacturability. The value of the system is built into the efficient design and associated
long life cycle.
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9.2 Environmental
One of the biggest upsides in using a CAES system is its neutral effect on the environment.
The systems stored energy medium is compressed air, which is a free and renewable resource
that does not alter the atmosphere. The sole operation of the system does no harm to the
environment. The source of the compression however, has the possibility to have a negative
effect on the environment. If the origin of the electricity powering the compression cycle of
the system is from a coal burning power plant, which is a likely scenario, then that source
contributes to the negative effect the system has on the environment. However, the system
was designed to be able to work of grid and in such an event, the operation of the system
would have no negative effect on the environment.
Related to diesel and batteries, CAES is almost perfect in terms of environmental
impact. Diesel generators use and emit toxic materials to their surroundings. The whole
life cycle of the diesel generator impacts the environment terribly from when the generator
is made to when its used to when it needs to be thrown away because it is old and rusty.
Batteries are not much better. Although they do not impact the environment tremendously
during their lives, the disposal of batteries, particularly lead-acid batteries, is extremely
detrimental to the environment. The waste created by the batteries harms the environment
and subsequently people in a very disturbing way.
The manufacturing process of the components that make up the system are another
matter entirely. Despite being outside of the scope of the project, a cleaner manufacturing
process would have a larger effect on the systems impact on the environment than making
the system slightly more efficient.
9.3 Sustainability
One of the excellent aspects of our design is that it is in itself sustainable. It uses no fossil
fuels and its only emission is air. This sustainability goes hand in hand with the lifetime
of the product. Due to the fact that uses no batteries or fuel, the CAES system can go
four years between maintenance cycles with a minimum total lifetime of 15 years. The unit
itself is made of many metal components and has no toxic materials. This means at the
end of its cycle the entire machine can be recycled and repurposed. Also the CAES system
paired with an array of solar panels or wind turbine can be completely autonomous and
sustainable through the whole process.
This is vastly different from competing forms of energy storage such as diesel generators
and batteries. Although they can be cheaper initially and provide power right when needed,
the long run costs and sustainability are severely in favor of CAES. Diesel generators
constantly need fuel, maintenance and parts. The constant use of fossil fuel leads to
faster degradation of parts, high emissions of greenhouse gases and ultimately, rising costs.
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Batteries are somewhat similar. Batteries are very compact and the run time can be very
quick, however they are also very particular to their surroundings. Unless housed in a
controlled environment, batteries degrade quickly. Also, the limit to which the battery
can charge and discharge reduces with every cycle and fluctuation in temperature. This
leads to a need for replacement up to every two years or so which can become increasingly
expensive. Not to mention, batteries are very valuable and likely to stolen or tampered
with if not constantly surveyed.
In order to be considered as a long term investment, the system needs to be able to
sustain itself. That means it should be able to run independently of any outside components
or energy sources. The longer it can go without maintenance on full automation, the more
sustainable the system. As long as the system does not break down and the fabrication
process is also sustainable, the entire system will be sustainable. The robustness of the
system helps to enhance this by allowing it to continually run in a variety of situations and
environments.
9.4 Manufacturability
The system is designed to be fabricated by a small team, in a short amount of time and at
a reasonable cost. It must also have a high level of part and system reliability. Thus, the
most reasonable manufacturing scenario would be to use existing components off the shelf
and to combine these parts in a modified platform that easily accepts all the components
and also allows for easy maintenance.
The DC generator/motor has many applications and due to its commonality, its manu-
facturing process has been designed for cost and efficiency. The design is constantly being
improved allowing for the older motors, in the 95% efficient range rather than 97%, to be
used at a much cheaper rate while ensuring a reliable efficiency. This can also be said for
the air storage tanks that will store the compressed air. They are extremely common and
can be manufactured very easily.
The custom components are the compressor/expander and controls circuitry. The com-
pressor/expander will be manufactured much in the same way that multistage compressors
are manufactured with the exception of the head which will incorporate the valving specific
to this design. The circuitry is fairly simple and can be wired quickly. With a modification
package that addresses an existing system, the cost to produces can be kept relatively low.
Once all the main components are procured, the system could be sold as a kit that can
be put together with only a few key components solely provided by us. These separate
systems might include the platform to hold the system, the control system, and the adapted
mounting hardware to connect all the components. The package is a product that can be
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sold to the customer at a lower cost and with more benefits than a system that is completely
produced in-house.
9.5 Health and Safety
Whenever dealing with high pressure containers, safety becomes a very important issue.
The tank must be able to withstand the high pressure as that gives the system its energy
storage properties. Safety protocols are a mandatory feature for the safe handling of
pressure vessels. Our system shall have a pressure release valve that will activate once the
maximum safe pressure level has been passed and will release the air and pressure. This is
a last resort measure as all of the air and associated energy will be lost if the pressure is
released, but it is preferable to the system overpressurizing.
The pressure release valve will be in conjunction with a control system which monitors
the pressure levels inside the tank. The purpose of the control system is twofold. Its main
job is to monitor the energy levels to predict the output. It also is used to control the
compression and expansion cycles.
The last safety hazard to deal with is the moving parts inside the system. The expander,
and electric motor can be dangerous if anyone gets careless or accidental gets caught in
the moving parts. Once the system is complete, these components will be sealed to keep
hands or loose clothing from getting caught in the rotating components.
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Chapter 10
Summary and Conclusion
The StorWatts compressed air energy storage system has great potential as both an engi-
neering innovation and a marketable product. The project has built a power generation
unit that uses a positive displacement expander to generate power from the potential pneu-
matic energy in the tanks.We hope to improve on this design and achieve a better-built,
reversible and more efficient system. Our research has shown that CAES systems require
little scheduled maintenance, can perform optimally in climates unsuited for other energy
storage systems, and are a clean and sustainable alternative to conventional power gen-
eration and storage systems. The StorWatts design provides power at an affordable cost
that is likely to become a desirable option for growing micro grid markets. The system
operates at an optimal pressure of 500 PSI, and has a projected cost of $ 2,387.91. While
further analysis and optimization can be done to improve the current system, there is a
great potential for further iterations of small-scale CAES systems to be ecologically and
economically viable forms of energy storage.
In this project, the StorWatts group successfully repurposed an old Briggs and Stratton
Engine to act as an air expander. A new cylinder head was designed and fitted to the engine
to hold two solenoids, one for the inlet air and one for exhaust, a thermocouple, a pressure
transducer, and a safety release valve. A housing for the 500 psi safety release valve was
machined and fitted into the cylinder head. The motor was successfully coupled to a
DC motor and shaft encoder. The control system monitored the output signals from this
shaft encoder and transmitted output voltages to the solenoids to open and close at the
designated times. Although we were unsuccessful in testing the apparatus, the system had
potential to work at higher pressures with different components.
We believe this project has the potential to be a reliable backup energy source. With
more funding and testing, a new system could be built with higher precision components
that could easily fulfill the requirements of a sustainable backup energy source. More
funding would first have to be acquired so that a new compressor/expander subsystem
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component could be purchased and repurposed to be completely reversible. Also, an output
display or resistor bank would be designed to regulate and show how much power output
is coming from the system. With all of this done, a new system could be built that would
be much more efficient, reversible, and easily demonstrable for product commercialization.
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Appendix A
Main
A.1 PDS
Figure A.1: PDS Physical
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Figure A.2: PDS Economical
A.2 Design Sketches
59
O
u
tl
e
t
JJ
J
o
e
 B
u
rk
e
In
le
t
S
c
ro
ll 
C
o
m
p
re
ss
o
r
S
C
A
LE
 1
 :
 5
S
E
C
TI
O
N
 J
-J
 
O
rb
it
in
g
 M
o
ti
o
n
 o
f
A
rc
h
im
e
d
ia
n
 S
p
ir
a
ls
c
a
u
se
 c
o
n
st
a
n
t 
c
o
m
p
re
ss
io
n
F
ig
u
re
A
.3
:
S
cr
ol
l
C
om
p
re
ss
or
D
W
G
60
O
rb
iti
ng
 S
cr
ol
l
St
a
tio
na
ry
 S
cr
ol
l
G
ui
d
e 
Ri
ng
A A
O
rb
it 
Sc
ro
ll 
Ke
y
F
ig
u
re
A
.4
:
S
cr
ol
l
C
om
p
re
ss
or
E
x
p
lo
d
ed
61
S
w
a
sh
p
la
te
 C
o
m
p
re
ss
o
r
C
o
m
p
re
ss
io
n
 C
h
a
m
b
e
r
P
is
to
n
Th
ru
st
B
e
a
ri
n
g
S
w
a
sh
p
la
te
(F
ix
e
d
 a
b
o
u
t 
a
x
e
l)
R
o
ta
ti
o
n
 o
f 
th
e
 s
w
a
sh
p
la
te
c
a
u
se
s 
la
te
ra
l 
m
o
ti
o
n
 o
f 
p
is
to
n
s
a
n
d
 t
h
u
s 
c
o
m
p
re
ss
io
n
F
ig
u
re
A
.5
:
S
w
as
h
p
la
te
C
om
p
re
ss
or
D
W
G
62
P
re
ss
u
re
 T
a
n
k
s E
x
p
a
n
d
e
r
C
o
m
p
re
ss
o
r
D
C
 M
o
to
r
D
C
 G
e
n
e
ra
to
r
C
o
n
tr
o
l
P
a
n
e
l
F
ig
u
re
A
.6
:
In
it
ia
l
C
A
E
S
A
ss
em
b
ly
63
Figure A.7: Briggs Motor
A.3 House of Quality
64
Q
u
a
li
ty
 C
h
a
ra
c
te
ri
s
ti
c
s
(a
.k
.a
. 
"F
u
n
c
ti
o
n
a
l 
R
e
q
u
ir
e
m
e
n
ts
" 
o
r 
"H
o
w
s
")
D
e
m
a
n
d
e
d
 Q
u
a
li
ty
 
(a
.k
.a
. 
"C
u
s
to
m
e
r 
R
e
q
u
ir
e
m
e
n
ts
" 
o
r 
"W
h
a
ts
")
0
1
2
3
4
5
1
3
1
8
.8
9
.0
4
5
3
2
9
1
4
.6
7
.0
3
4
5
3
9
1
4
.6
7
.0
4
5
3
4
9
8
.3
4
.0
5
4
3
5
9
1
0
.4
5
.0
3
4
5
6
9
1
2
.5
6
.0
5
4
3
7
9
1
2
.5
6
.0
5
4
3
8
9
8
.3
4
.0
5
4
3
9 1
0
x
adequate housing/ no 
risk to user
▲
1-2 tanks
T
it
le
:
A
u
th
o
r:
D
a
te
:
N
o
te
s
:
M
ik
e
 B
ie
d
e
re
r,
 J
o
h
n
 O
M
a
lle
y,
 J
o
e
 B
u
rk
e
, 
M
a
tt
 K
o
m
o
1
1
/7
/2
0
1
1
L
e
g
e
n
d
Θ
S
tr
o
n
g
 R
e
la
ti
o
n
s
h
ip
9
T
e
a
m
 S
to
rw
a
tt
s
Our System
StorWatts
SustainX
Competitor 3
Competitor 4
Competitor 5
Variable
3
M
o
d
e
ra
te
 R
e
la
ti
o
n
s
h
ip
C
o
m
p
e
ti
ti
v
e
 A
n
a
ly
s
is
(0
=
W
o
rs
t,
 5
=
B
e
s
t)
▲
1
┼
┼
W
e
a
k
 R
e
la
ti
o
n
s
h
ip
S
tr
o
n
g
 P
o
s
it
iv
e
 C
o
rr
e
la
ti
o
n
▼
O
b
je
c
ti
v
e
 I
s
 T
o
 H
it
 T
a
rg
e
t
O
b
je
c
ti
v
e
 I
s
 T
o
 M
a
x
im
iz
e
P
o
s
it
iv
e
 C
o
rr
e
la
ti
o
n
┼
N
e
g
a
ti
v
e
 C
o
rr
e
la
ti
o
n
▬
S
tr
o
n
g
 N
e
g
a
ti
v
e
 C
o
rr
e
la
ti
o
n
▼
O
b
je
c
ti
v
e
 I
s
 T
o
 M
in
im
iz
e
Ο
4' x 5' x  3'
will run with little 
maintainance after 
transport
target e = 0.25-0.5
2
7
2
Will run on demand
┼
┼
┼ ┼
┼
┼
▬
C
o
lu
m
n
 #
1
2
3
4
Row # 
D
ir
e
c
ti
o
n
 o
f 
Im
p
ro
v
e
m
e
n
t:
M
in
im
iz
e
 (
▼
),
 M
a
xi
m
iz
e
 (
▲
),
 o
r 
T
a
rg
e
t 
(x
)
low system complexity
Weight / Importance
1
1
1
2
1
3
1
4
1
5
Relative Weight
▲
▼
▲
▲5
6
7
8
9
1
0
▲
Ο
Ο
6simple user interface/ 
easy maintainance
▼ 9 20
0
.0
▲ ▲ ΘΟ ▲
▲
9
9
9
2
1
2
.5
2
2
9
.2
3
0
6
.3
1
3
1
.3
3
9
9
9
6
8
.8
2
6
6
.7
2
5
8
.3
0
s
to
ra
g
e
 c
a
p
a
c
it
y
p
o
rt
a
b
ili
ty
d
u
ra
b
ili
ty
lif
e
s
p
a
n
e
ff
ie
n
c
y
▲
Θ
e
a
s
e
 o
f 
u
s
e
storage volume
system size
durability
efficiency
flow rate
reliability
safety
▲
▲
Θ
Θ
▲
Θ
D
if
fi
c
u
lt
y
(0
=
E
a
s
y 
to
 A
c
c
o
m
p
lis
h
, 
1
0
=
E
x
tr
e
m
e
ly
 D
if
fi
c
u
lt
)
▲
Ο
Ο
Ο
Θ
Θ
▲
Ο
M
a
x
 R
e
la
ti
o
n
s
h
ip
 V
a
lu
e
 i
n
 C
o
lu
m
n
T
a
rg
e
t 
o
r 
L
im
it
 V
a
lu
e
  
W
e
ig
h
t 
/ 
Im
p
o
rt
a
n
c
e
s
a
fe
ty
2
1
9
Θ
Max Relationship Value in Row 
c
o
s
t
Θ
Θ
Ο
Θ
Θ
O
u
r 
S
y
s
te
m
S
to
rW
a
tt
s
S
u
s
ta
in
X
C
o
m
p
e
ti
to
r 
3
C
o
m
p
e
ti
to
r 
4
C
o
m
p
e
ti
to
r 
5
F
ig
u
re
A
.8
:
H
ou
se
of
Q
u
al
it
y
65
A.4 Prioritizing Matrix
Figure A.9: Prioritizing Matrix
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A.5 Return on Investment
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Figure A.11: Fall Timeline
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Figure A.12: Winter Timeline
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A.8 Hardware Drawings
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Appendix B
Code
B.1 Ardunio Timing
//This is the microcontroller sketch for counting.
//Reads the pulses, controls the output
//reset when the magneto spark comes
#define encoderPinA 21
#define encoderPinB 20
//a is the magneto on interrupt 2
//b is the encoder on interrupt 3
#define valve1 34
#define valve2 35
volatile int encoderPos = 0;
//volitile boolean pastB = 0;
//volitile boolean update = false;
void setup(){
//Serial.begin(9600);
//Serial.println("Testing...");
pinMode(encoderPinA, INPUT);
digitalWrite(encoderPinA, HIGH);
pinMode(encoderPinB, INPUT);
digitalWrite(encoderPinB, HIGH);
pinMode(valve1, OUTPUT);
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pinMode(valve2, OUTPUT);
attachInterrupt(2, doEncoderA, RISING);
attachInterrupt(3, doEncoderB, RISING);
}
void loop(){
/*if(update){
update=false;
pastB? encoderPos++:encoderPos--;
}*/
//Serial.println(encoderPos);
switch(encoderPos){
case 5:
//turn valve1 on
digitalWrite(valve1, HIGH);
//Serial.println("-------Valve1 ON");
break;
case 20:
//turn valve1 off
digitalWrite(valve1, LOW);
//Serial.println("-------Valve1 OFF");
break;
case 180:
//turn valve2 on
digitalWrite(valve2, HIGH);
//Serial.println("-------Valve2 ON");
break;
case 359:
//turn valve2 off
digitalWrite(valve2, LOW);
//Serial.println("-------Valve2 OFF");
break;
}
}
void doEncoderA(){
//the magneto
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}void doEncoderB(){
encoderPos=(encoderPos+1)%360;
/*pastB=(boolean)digitalRead(encoderPinA);
update=true;*/
}
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B.2 Matlab Timing Analysis
%Valve Timing Analysis
close all
clear all
clc
%piston
gasketThick=(1/8)/12;
bore=2.98/12;
stroke=2.38/12; %feet
cl=stroke/2; %Throw length is half stroke length
Rodratio=1.7; %Don’t know this yet. 1.3 is bad, 2 is good =stroke/rodlength
rl=3.5/12; %Rod length estimated
As=pi()*(bore/2)^2; %Area of piston head in ft^2
clsdVol=gasketThick*As; %ft^3
openVol=(gasketThick+stroke)*As; %ft^3
%Air
stdAtm=14.6959; %psi
R_air=53.35/144;
T=70+459.69; %rankine
densityAtm=stdAtm/(R_air*T); %lbm/ft^3
initMass=densityAtm*clsdVol; %lbm
%Input PSI
PSI=300
densityInput=PSI/(R_air*T);
%mass in cylinder
designPressure=(stroke/gasketThick)*stdAtm; %should be compession ratio * stdAtm
designDensity=designPressure/(R_air*T);
designMass=designDensity*clsdVol; %lbm
%Define Parameters
%PSI=[stdAtm-stdAtm, 6*stdAtm-stdAtm, 15*stdAtm-stdAtm,30*stdAtm-stdAtm,50*stdAtm-stdAtm,100*stdAtm-stdAtm,200*stdAtm-stdAtm]; %Specify pressures
%k=size(PSI,2);
theta=0:.0001:pi();
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%Displacement of piston
%Law of sines---sin(theta)/Rl=sin(gamma)/Cl
gamma=asin(sin(theta)*cl/rl);
zeta=pi()-gamma-theta; %angle between rod and throw
E=rl*sin(zeta)./sin(theta); %length between crank and piston head
y=(rl+cl)-E; %piston travel as a function of theta
neededMass=designMass-initMass; %lbm
airMass=0;
k=size(theta,2);
pressure=zeros(0,k);
for i=2:k
if(airMass<neededMass)
%add mass until it reaches needed mass
airMass=airMass+densityInput*y(i)*As;
closeValve=theta(i);
end
%at the same time, increase the volume
curVol=(y(i)+gasketThick)*As;
airDensity=airMass/curVol;
pressure(i)=airDensity*R_air*T;
end
%Two graphs
%valve position vs crank angle
%Pressure vs Crank angle
closeValve
% plot(theta, pressure)
% string=[’Valve closes at ’ num2str([closeValve]) ’rad’];
% text(.1,275,string)
% xlabel(’Crank Angle (radians)’)
% ylabel(’Pressure (psi)’)
% title(’Pressure vs Crank Angle for the 2 HP Briggs and Stratton Motor’)
% axis([0 pi 0 300]);
f=pressure*(As*144); %Define Force on piston head in lb
%decreases as theta increases because pressure decreases when volume increases
fRod=f./cos(gamma);
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%Moment at the crank
fMoment=fRod.*cos(zeta-pi()/2);
torque=fMoment.*cl; %in ft-lnf
plot(theta,torque)
rmp=100;
aveTorque=sum(torque)/size(torque,2);
power=(aveTorque*2*pi*rmp/2)/33000
%plot(rmp,power)
xlabel(’Crank Angle (radians)’)
ylabel(’Torque (ft-lbf)’)
title(’Torque vs Crank Angle for the 2 HP Briggs and Stratton Motor at 19:1 ratio’)
axis([0 pi 0 50])
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B.3 Matlab Torque Analysis
%%Torque Analysis
close all
clear all
clc
%%Torque Curves
%Define Parameters
stdAtm=14.6959; %psi
PSI=[stdAtm-stdAtm, 6*stdAtm-stdAtm, 15*stdAtm-stdAtm,30*stdAtm-stdAtm,50*stdAtm-stdAtm,100*stdAtm-stdAtm,200*stdAtm-stdAtm]; %Specify pressures
k=size(PSI,2);
theta=0:.001:pi(); %rad
gasketThick=(1/8)/12;
bore=2.98/12; %ft
stroke=2.38/12; %feet
cl=stroke/2; %Throw length is half stroke length
Rodratio=1.7; %Don’t know this yet. 1.3 is bad, 2 is good =stroke/rodlength
rl=3.5/12; %Rod length estimated
As=pi()*(bore/2)^2; %Area of piston head in ft^2
%Law of sines---sin(theta)/Rl=sin(gamma)/Cl
gamma=asin(sin(theta)*cl/rl);
zeta=pi()-gamma-theta; %angle between rod and throw
E=rl*sin(zeta)./sin(theta); %length between crank and piston head
y=(rl+cl)-E; %piston travel
R=53.35/144;
T=459.69+70;
hold on
for i=1:k-1
%%Force at piston head
rho=PSI(i)/(R*T);
mass=rho*gasketThick*As;
rhoPrime=mass./(As*(gasketThick+y));
pressure=R*T*rhoPrime;
f=pressure*As*144;
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%f=PSI(i)*(As*144).*(1-y./stroke); %Define Force on piston head in lb
%decreases as theta increases because pressure decreases when volume increases
fRod=f./cos(gamma);
%Moment at the crank
fMoment=fRod.*cos(zeta-pi()/2);
torque=fMoment.*cl; %in ft-lnf
colors=’ybrkmcg’;
plot(theta,torque,colors(i)) %works but poor resolution/colors/etc
end
e=1-y./stroke;
%plot(theta,e)
legend(’1:1’,’6:1’,’15:1’,’30:1’,’50:1’,’100:1’,’200:1’,’Location’,’NorthEast’)
xlabel(’Crank Angle (radians)’)
ylabel(’Torque (ft-lbf)’)
title(’Torque vs Crank Angle for the 2 HP Briggs and Stratton Motor’)
axis([0 pi 0 275])
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